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AIBSTRACT

A two-fluid model of the solar wind with anisotropic proton
temperature and allowing for extended coronal proton-heating is
considered for the case of a purely radial and of a spiral magnetic
field. Proton-proton Couiomb-cc!' sions together with a spiral inter-
planetary magnetic field are found to be sufficient to reduce the
thermal anisotropy in the proton gas to a value in agreement with
observations. Reasonable values are obtained for the flow-ve ocity,
number density and the proton-temperature near the orbit of the

Earth,



1. Introduction

The flow of plasma from the Sun was first analyzed by Parker
(1958, 1963), using a hydrodynamic model in which the fluid has rather
simple properties. This model accounts for many of the main features
of observations of the solar wind made near the Earth (see reviews by
Parker, 1965, 1967 ; Axford, 1968; and Hundhausen, 1968, 1970).
However, since it is assumed in this model that the electron and proton
temperatures are equal, and that the pressure is isotropic, it cannot
account for the observed difference between the electron and proton
temperatures nor for the anisotropy of the proton temperature. Sturrock
and Harti= (1966), (see alsc Eartle and Sturrock, 1968), have consider:d
a two-fluid model, in which the electron and proton temperatures are
allowed to be different, but both are assurned to be isotropic. They
have shown that transfer of energy between the electrons and protons
by Coulomb collisions is less important than is impiicitly assumed in the
one -fluid model, an_d since heat conduction in the proton gas is negligible
they obtained a relatively low proton temperature at the Earth's orbit.

However the model is not completely satisfactory in that the effects
of the interplanetary inagnetic field are not taken into account, and
the proton temperature is assumed to be isotropic. Furthermore, the
model yields bulk velocities and proton temperatures that are too low,
and number densities that are too high, when compared to observa-

tions made in the vicinity of the Earth. The differences between



ohservations and the predictions of this simple two-fluid model suggest
that the protons #nd other ions in the solar wind must be heated by some
other means than Coulomb collisions with electrons.

In this paper we extend the Hartle /Sturrock analysis for a steady
state, two-fluid solar wind by allowing for the presence of a heat source
for the pruton gas, taking nto account some of the effects of the inter-
planetary magnetic field, and permitting the proton temperature to be
anisotropic. It is assumed that the flow is radial everywhere, and we
have considered both the radial and the spiral interplanetary magnetic
iield. We have neglected the effects of viscosity, since it is pointed
out by Parker (1965), these are not important as far as the radial
expansion of the solar wind is concerned, although there may be some
viscous heating of the proton gas (e.g. Wolff et al., 1971). Viscosity
and the magnetic field play an important role close to the Sun as far as
the azimuthal component of velocity is concerned (e.g. Weber and Davis,
1970; Weber, 1970), however these effects are neglected in this analysis
which is concerned more with the properties of the solar wind in the
vicinity of the orbit of Earth and at greater distances from the Sun.

We have assumed a convenient analytic form for the heating
function, and justify this on the grounds that the results are not sen-
sitive to the precise form of the heating function, and there is no clear
observational evidence in favor of any particular form. Heating
out to some 20 solar radii was postulated by Parker (1963) in

order to obtain reasonable velocities and number densities on the
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basis of a one-fluid model. Analyses of the one-fluid model with heat
addition have been carried out by Konyukov (1967) and by Holzer and
Axford (1970). A two-fluid model with proton heating, assuming the
proton temperature to be isotropic and neglecting the effects of the
interplanetary magnetic field has been considered by Hartle and Barnes
(1970) and Barnes et al., (1971). In all of these analyses one finds, as
should be expected (see Saunders, 1953), that heating :n the subsonic
region tends to increase the Mach number by increasing the bulk velo-
city, whereas heating in the supersonic region tends to decrease the
Mach number by increasing the temperature. Furthermore, a heat source
can make a transition from subsonic to supersonic flow possible in cases
where such a transition would otherwise not occur.

It is usually assumed that the solar corona is heated as a result
of the dissipation of waves which propagate upwards from the photo-
sphere (Biermann, 1946, 1948; Alfveh, 1947; Osterbrock, 1961;
Whitaker, 1963; Lighthill, 1967; Kuperus, 1965, 1969). If the wave
energy is transferred entirely to the electron gas (e.g. D'Angelo, 1968,
1969) it is necessary to invoke some instability mechanism in order to
transfer the energy from electrons to protons more effectively than Coulomb
collisions will permit (e. g. Kennel and Scarf, 1968; Forslund, 1970;
Hollweg and Volk, 1970; Scarf, i970; Toichi, 1971). However, if the
waves transmit their energy directly to the ions (e.g. Barnes, 1968,
1969) no such instability mechanism is required. We have assumed
that the latter process occurs in our calculations, although we note
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that there is no clear evidence at present that the wave energy is not
coupled to the iocns via the electrons (cf. Hundhausen, 1970). Heating
of the solar wind by shocks and instabilities when high velocity gas
overtakes low velocity gas may also occur (Coleman, 1968; Jokipii

and Davis, 1969), but this ''positive velocity gradient heating'' does not
seem to be a dominant heat source within the orbitof Earth (Burlaga and
Ogilvie, 1970). We find that with isotropic heat source near the Sun

it is possible to obtain reasonable values for the number density,

flow velocity and proton temperatures near the Earth, Our values

for tiz electron temperature are too high by a factor of the order 2

in comparison with observations near the Earth. This could be corrected
if, for example, we were to take into account the effects of the heat
conduction instability discussed by Forslund (1970). Otherwise there
appears to be no need to appeal to special mechanisms to explain any
of the average properties of the solar wind observed in the vicinity of

the Earth,



2. Gove rning egutiom

The equations of motion representing a steady, spherically-symmetric,
radial electron proton solar wind with anisotropic proton temperatures

and allowing for heat conduction are as follows (see Holzer and Axford,

1970):
d 2
dr(nvr)’o ’ (l)
GM
dv _d I 2 —— o _
pvdr+dr[k(Tp+T°)]+rnk(Tp 'rp)+p 2 =0 , (2)
f.e.-.z.fsé.h.%.l...é.(.(,zﬂ)_.ps_.r_.r +£3.°. (3)
r 3 ndr 3Fkdr \e dr v e p) 3 nvk '’
dT" ZT" dT"
p___j_dv-‘_z d rZ_p_
dr " "v dr "Fkdr \p dr
Ve 2y ' N 2q!
+ =B ('r-'r")--ﬂ('r“-'r)+-—2- . (4)
v e P v P P nvk
and
att Y v 2Q*
_2.=-2-2—+_E('r -'1‘"') +-P2-('r"-'r*) +—£ (5)
dr r v e P v P P nvk

It is assumed that the plasma is quasineutral [i.e. n np =n7], and
thus, since the divergence of electric current is zero in a steady state,
Ve m vp =v, F= nvrz is the flux per steradian, k is the Boltzmann
constant, and G is the gravitational constant. Mo is the mass of the

Sun, and p is the mass density: p = (ne m_ + np mp) asnm .,
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'1'e is the electron tempe ratuwre, and T; and ’I'l'; are the proton temperatures
perpendicular and parallel to the magnetic field respectively; the mean
1 «
roton temperature is defined as T_ == (T' + 2T*). Q andQ_=¢C
P pe p=3(Tp* 2T G P P
+ ZQ; are heat sources for the electrons and the protons. (There may
also be a corresponding transfer of momentum to the particles associ-
ated with the radiation pressure of the waves concerned, but this has
been neglected in the present work.)
Expressions for the collision frequencies (v, v, v_) and
ee ep PpPp
thermal conductivities parallel to the magnetic field (ite. Kp) have
been given by Braginskii (1965):

ot o4 () 2t
ee ‘e " 3im, (k,re)3/2

m @ (T 3/2 2m
e e e
Ve’ “pp p‘('é';) ('i-"') P
P P P

2
Ke =3.16 k Te Te n/me »

and ' |
e
0= (33) ()
P e

Te is the relaxation time for the electron gas. e is the ch2arge and

m is the mass of an electron. In conditions typical of a quiet solar wind,
the Coulomb logarithm A can be takenas A =25+ 1. As a result of

the electrostatic field in the solar wind the thermal conductivity of

’
the electron gas is reduced to Ke =C Ke, where Cay 0.42 (Spitzer
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and Harm, 1953). The skewed, anisotropic electron distribution can pro-
duce instabilities which result in an increase in the effect of collision
frequency of electrons which in turn suppresses heat conduction and
changes the form of Ke (cf. Forslund, 1970).

The thermal conductivity of the proton gas is much smaller than
that of the electron gas. In the case with no extended heat source, the
heat conduction term in Equation#) produces a minor correction to the
temperature profile near the Sun (Hartle and Sturrock, 1968). With an
extended heat scurce both the proton temperature and hence the proton
thermal conductivity increase. However the effects of heat conduction
are small compared with those of the heat source itself close to the
Sun, and at great distances frorn the Sun the effect of heat conduction
on TI'L is small compared with those of proton-proton collisions.
Skewed, and anisotropic proton distributions have been observed (e. g.
Hundhausen et al., 1967; Hundhausen, 1968, 1970); from the third
moment of such distributions one can calculate the effects of heat con-
duction and viscosity in the proton gas, but they clearly cannot have

any significant effects on the flow.



3. The case of [y radial inte rglanctarz magnetic field.

For an electron gas dominated by heat conduction Equation (3)

reduces to
aT
rz '1'5/2 — constant.
e dr

By assuming that the heat conduction dominated region extends to in-

finity, where '.l‘e = 0, we obtain (cf. Chapman, 1957)

. 277
T, = 'r: (-;9) : (6)

Combining Equations (1), (2) and (4) (neglecting heat conduction ior

the protons) we obtain

gy [m v-X (3'1'"+'.r)] =3-15('r +T"')
dr P v P e r e P

cl'I'e Voe 2v .
-k = - k('.r-'r“)+-1’2k('r"-r)
r v e p v P P
20 m _GM
- J - L—o » (7)
nv p2

This ¢quation has a singular point in the (v, r) plane at which the flow
is exactly sonic,

We have solved Equations (1), (4), (5), (6) and (7) simultaneously
for a given flux F, and given values of the temperatures at R = r/.’:lo = 2;
(Ro is the radius of the Sun). The solution has been chosen so that there
is a amooth transition at the critical point. The Adams-Moulton

method was used to integrate the equations (Hildebrand, 1956). Results



for a case with isotropic heating of the protons (i.e. Q;' =z Q; ) are
shown in Figures (l1a) and (1b). For R <2 we have assumed a collision-
dominated proton gas. T'is is well justified, as is evident from

Figure (l1c) which shows the collision frequencies (v“. vpp) together

with the expansion rate, v“‘p = -ndr’



4, Spiral magnetic field.

In the case of a spiral interplanetary magnetic field the equations
of motion become rather complicated. Since we are mainly concerned
with the behavior of the electron and proicn temperatures, we make the
following approximations: v = constant and radial, B =B _(r/ r)?

B =(.ﬂ!' uina) B andB, =0, Here 0=2x10 %sec”! is the angular
o \v r 0
velocity of the Sun, and @ is the helio-latitude. The magnitude of the

magnetic field is

B = (Bz + B"')i =B (r°) (1 + ( -ino) ) (8)
r (") o\ r

The j x B force associated with the spiral magnetic field is very small,
and consequently our assumption that the flow is radial remains valid.
Close to the Sun the magnetic field plays a very important role in
determining the behavior of the solar wind (e.g. Weber and Davis,
1967, 1970; Weber, 1970; and Grzedzielskii, 1970). However we will
ignore the j x B force entirely, and hence it should be noted that our
results are valid only for R >> 20.

For an arbitrary magnetic field direction, Equations (3), (4) and

(5) must be amended as follows (Nishida, 1969):

dT T v d'l'
e .2 e dn  _pe 21 4]’ r2c08?

at' T 24 .2 R 2qQ'

.3_2=.£B n_ +.EE. T,- 1-" —BP-r" +-2 . (10)
r nZ d BZ vk
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& 4 4

dT, T v v 2Q
—P - R 3B  pe iy i\ , BB (ph gt 4 B
il kR (’re 'rp) + == (T, 'rp) + =R (11)

As before we neglect the heat source for the electrons and heat conduction

in the proton gas. Since there is a lemperature gradient perpendicular

to the magnetic field there shou;d be an additional term in Equatica (9);

however, the thermal conductivity perpendicular to the magnetic field

is very small (Braginskii, 1965) and the term is accordingly neglectad.
The electron-proton collision term is negligible in this situation,

hence the equation for the electron temperature can be integrated inde-

pendently of the others. In the heat conduction dominated region we

have
7/2 _ . o1/2 1 1 1. fa. Y
'.l'e = '1'e +Ecl[_ro - -;-0- (;.ine) (r - ro) R (12)

Equation (12) shows that the electron temperature can be dominated

by heat conduction everywhere only for 6 = 0 {(i.e. in the polar region).
Te(r) is determined by assigning the temperaturzs at two diffe rent
points, or alternatively the temperature at one point and the gradient

at the same or another point. The temperature gradient near the Sun

is determined by processes occurring in the lower corona where heat
conduction into the chromosphere is very important (Kuperus and Athay,
1967; Kopp and Kuperus, 1968; Kuperus, 1969). In order to proceed
without becoming involved in the complexities of the chromosphere-
corona interface, we will assume that the coronal temperature

distribution is spherically symmetric near the Sun, and that the
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temperature gradient is given by Equation (6) far all heliolatitudes
(cf. Hartle and Sturrock, 1968). Thus, (dre) = -% T:/ro .
dr/p = r,

We will ignore the effect of the spiral magnetic field in a region r < T

and hence
7/2 (¥
'1'7/2 = T° (—2). forr<r, , (13)
e e r 1
d'l'e
by requiring that Te and —yr be continuous at r = . we obtain from
Equation (12)
7/2 _ . o7/2 1 o (F8 ¥ .7
T =T = v -( .ine) (—- - 2-—-) '
e e r r v r, T,
()
forr 2 r, . (14)

Beyond the heat conduction dominated regicn the gas expands

adiabatically, and to find the electron temperature distribution we

must integrate Equation (8) inwards from r = T, whe re Te = '1'2 and
dTe 4 T 2

= «= == _ The solutions are then matched to solutions of
dr 3 rz

Equation (14) at a convenient intermediate point. By assuming that the
magnetic field is radial in R <100, and allowing for a spiral magnetic
field in R > 100, we obtain the electron and proton temperature dis-
tributions in the ecliptic plane shown in Figure (2a). The proton
temperatures are obtained by integrating Equations (10) and (11)

outwards from R = 100, with initial values taken from Figures (la)
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and (1b). The electron temperature is obtained by matching solutions
in the adiabatic region (R > 300) to solutions in the heat conduction
domina*sd region (R < 300). The corresponding expansion rate and
collision frequencies are shown in Figure (2b).

Similar calculations can be carried out for diffe rent heliolatitudes.
As we neglect the coupling between the electron and the proton tempera-
tures, the integration of the equations for TI‘L and '1‘; is quite straight-
forward. Figure (3a) shows the proton temperature distribution for a
solar wind with a conitlht. radial velocity. The anisotropy in the proton
temperature is shown in Figure (3b). The electron temperature is
found by integrating Equation (9) inwards starting in the adiabatic
region. The results shown in Figure (3c) were obtained by matching
these solutions to the solution given by Equation (14), at points where

0
(r - rl‘) vlinG 0. 3.
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5. Conclusions.
34 -1 -1
Assuming a partirle flux F=4x10  sec ~ ster , and isotropic
proton heating near the Sun, we have obtained the following results near
the Earth for a steady radial solar wind with a radial magnetic field:

n=5,5 cm.3. v = 340 km/nec'l. Tp 4,2 x 104

K, 'rl';/'r; = 3.9 and
'1'e =3,9x 105 K. These results are in fairly good agreement with
observations made under quiet conditions(e. g. Hundhausen, 1968, 1970).
It should be noted that the electron-electron collision ﬁequency is
larger than, or comparable to the expansion rate; thus the electron
gas is collision dominated. The proton-proton collision frequency is
smaller than the expansion rate beyond a few solar radii, and hence
the thermal anisotropy must be included in models that give reasonable
values for the proton temperature near the Earth., It is interesting to
note that it is sufficient to include Coulomb collisions only to obtain
thermal anisotropies comparable to those observed.

If the same amount of heat was fed into the proton gas in an
anisotropic manner (e.g. Ql'; = 0 and Q; # 0, corresponding to ''collision-
less cyclotron resonance heating'') we would obtain approximately the
same values for the number density, flow velocity and temperatures.
However, the thermal anisotropy, '1'1'; / ‘1‘; » would be reduced to 2.5
near the Earth. .For the case Qg # 0 and Q; = 0 (corresponding to
""collisionless hydrodynamic heating', e.g., Barnes, 1969), the anisotropy
would be larger. The introduction of a spiral magnetic field (for R >100)

causes the elec;trbn temperature near the Earth to be reduced to
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3.4 x 10s K, the proton temperature to 3.7 x 104 K, and rg/'r; from 3.9

to 2.5. The reduction of the proton temperature and of the temperature
anisotropy is the result of "inertial cooling' (Khoklov, 1967); this effect
can be easily explained by considering a collision free proton gas in a
spiral magnetic field: for a constant flow velocity and a small '"garden

2

hose' angle, ¥, Equations (10) and (11) yield: 'r; xr"° and 'r;', = constant.

Thus, Tp - constant and (Tg - T;)/Tp -3asr -~ For large ''garden

1 and Tg e r'z. and hence '1'p «p} and

hose'' angles we have ’1'; <r
(Tl“’ - T;)/Tp ~ < 2/3 a8 r = The rapidly decreasing proton tempera-
ture parallel to a spiral magnetic field is clearly evident in Figure (2a).
As shown in Figure (2b) the proton gas becomes collision dominated for
R > 800, where the proton temperature anisotropy is negative and quite
small. The condition for the 'firehose' instability cannot he satisfied
beyond this heliocentric distance (Eviatar and Schulz, 1970).

The reduction of the electron temperature shown in Figure (2a) is
caused by the :éduced thermal conductivity in the udill direction in
regions where y is not small. In the polar regions of the Sun the
magnetic field is almost radial, and for a comtant. flow velocity the
proton temperature decreases so slowly that the gas becomes collision-
less. In this case T;" is almost constant, and the temperature anisotropy
increases from l.55atr =1 a.u. to 2.1 at r = 50 a.u. (see Figure (3b)}.
For >0 the ""garden hose' angle, y, increases with heliocentric

distance, and the proton temperature decreases rapidly enough for

collisions to become important eventually. Because of the dominance
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of the collision term we find that (Tl“) - ’I':")/‘I'p >-0.15 (see Figure 3b)).
With lower particle densities and higher proton temperatures it will be
possible to achieve more negative values of the anisotropy. However,
the condition for the "mirror' instability cannot be satisfied in a typical
quiet solar wind (e.g. Brandt, 1969).

The elgctron temperature shown in Figure (3c) is too high in
comparison with observations made near the Earth (e. g. Hundhausen,
1968, 1970). There are three possible reasons for this discrepancy:
(1) the gradient in the electron temperature assumed here may be
incorrect; (2) the expression for the thermal conductivity of the
electron gas muy be invalid (e.g. Forsluad, 1970); (3) the coupling
between the electrocns and the protons could be stronger than implied
by Coulomb collisions only (e.g. Nishida, 1969; Toichi, 1971; Cuperman
and Harten, 1971).

By combining the results shown in Figures (3a) and (3¢c) with the
megnetic field strength given by Equation (8), we can calculate the
ratio of the particle pressure and the magnetic field pressure:

B = Stmk('l‘e + ‘Ip)/Bz. Since the electron temperatures obtained here
are too high, the values of § shown in Figure (3d) are also too high in
comparison with observations made near the Earth (Burlaga and
Ogilvie, 1971). It is interesting to note that at low heliolatitudes

B decreases outwards beyond the orbit of Earth, If the stability of
interplanetary magnetic field sector boundaries against reconnection

is dependent on B, the sector structure may break up somewhere
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beyond the orbit of Earth where g is small. Since the magnetic field is
almost azimuthal in this region and the electron gas expands adiabatically,
such an instability would have no effect on the electron temperature pro-
file,

To improve the present calculation other heat sources should be
included. As pointed out by Wolff etal. (1971) the effects of viscosity on
the proton temperature may be important in 0.1 a,u. Sr<1a.,u., and
heating of ions beyond 1 a.u. should also be taken into account (cf.
Coleman, 1968; Jokipii and Davis, 1969; Siscoe et al., 1971). However
the least satisfactory part of this work is the calculation of the electron
temperature distribution. The heat conduction coefficient used here may
be valid near the Sun where the mean free path is short. However in
the vicinity of the orbit of Earth, the mean free path for electrons is
in the order of 1 a.u., and it seems likely that the particles would be
scattered by some means other than Coulomb collisions before travelling
this distance (cf. Forslund, 1970). A reduced value for the heat con-
duction coefficient would result in a smaller electron temperature
some distance away from the Sun. As the flow velocity and particle
density are determined mainly by the temperature near the Sun, the
effect of a reduced electron temperature near the Earth on these
quantities would be relatively small. Because of the weak coupling
between the electrons and protons there would be no significant change
in the proton temperatures.

A significant improvement could be obtained by combining these

17



calculations wit an analysis of the structure of the lower corona (cf.
Kuperus, 1969). The cold chromospheric gas is a very affective heat
sink for the electrons in particular, and heat conduction towards the
Sun is likely to control the electron temperature distribution out to
several solar radii. Finally, we wish to point out that if the heat source
acts directly on the proton gas as we have assumed, then regardless of
the behavior of the electron temperature, the proton temperature
should reach a maximum at a distance of a few solar radii and this
maximum temperature may exceed the electron temperature by a
substantial factor, This could provide a means of determining whether
the proton heating takes place directly or via the electrén gas (cf.
Hundhausen, 1970), since in the latter case the proton (amperature

could never exceed the electron temperature.
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Fi‘ure Caggiom

Figure 1, Solar wind properties for the case of a radial interplanetary
magt;etic field: (a) Electron-temperature, Te' and parallel and per-
pendicular proton-temperature; T;':" and T;; (b) number density, n, and
flow velocity, v; (c) collision frequencies, Vee and Vpp' and the expan-

sion rute, "exp' versus distance, r. The protons are assumed to be

| 2 exp (-0.2R).

The initial conditions are '1'e = ‘1'; = T{') =]1.5x% 106K at R =2, and

F=4x10% sec”! ster’!. The corresponding parameters for the

heated isotropically such that Ql"’ = Q; =[0. 03

same initial conditions, but without heating (cf. Hartle and Sturrock,

1968) are given by broken curves.

Figure 2, Solar wind properties for the case of a spiral inter-
planetary magnetic field: (a) Electron temperature, Te’ and parallel
and perpendicular proton temperature, T;’, and 'I‘;; (b) collision fre-

quencies, Vee and "pp’ and the expansion rate, \’exp’ versus distance,

r, in the ecliptic plan The protons are assurned to be heated iso-
i * ., s = LA A -
tropically, such that. Q2 [0.03 =X.] £ exp(-0.2R). InR >100

there is a spira’l magnetic field and a constant, radial flow velocity,

v = 320 km/se.

Figure 3, Heliocentric distance, r, versus latitude, 68, for some
values of: (a) The proton temperature, Tp =% (Tl'i + 2 T;); (b) the
anisotropy in the proton temperature, (Tl'l - T;)/ 'I'p; (c) the electron

tempe rature, Te' and (d) the ratio of thermal and magnetic pressure,

20



= Bmnk (T, + 'rp)/nz. The protons are heated near the Sun, such that

Q! - Q; =[o. 03 == 2 exp(-0.2R). In R <100 the magnatic field is

taken to be radial, and in R 2 100 there is a constant velocity (v = 320

km uc'l). and a spiral magnetic field. The initial conditions are
6 34 -l -l

T°=T1'L=T;=l.5x10 KatR=2, and F=4x10"" sec” 'ster
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